INTRODUCTION
============

Human breast cancer is a major cause of morbidity and mortality in women all over the world. Data from the International Agency for Research on Cancer (IARC) showed that the incidence of cancer has increased all over the world. Regarding breast cancer, the highest incidence rates were found in the United States and Western Europe with 101 and 85 new cases per 100.000 women, respectively. East Asia has the lowest rate, representing 21 cases per 100,000 women. In Africa, the incidence is reported to be 23 per 100,000 women, but, due to lack registries and accurate data, this rate may be underestimated [@B1].

In 2013, the American Cancer Society estimates that more than 230,000 Americans women will be diagnosed with this neoplasia and that more than 40,000 will die of this disease in the United States [@B2]. This estimate is alarming, and it is estimated that more than 1 million new cases will be diagnosed worldwide [@B1].

An additional factor that contributes to the poor prognosis of patients diagnosed with breast cancer is the fact that the diagnosis is often delayed due to limitations in mammography. Screen-film mammography (SFM) is considered the gold standard for breast cancer screening and detection [@B3]. However, its optimal performance is only observed among women over 50 years old [@B4]. Also, SFM has other limitations such high rates of false-negative, between 4-34%, high rate of false-positive, leading to unnecessary biopsy procedures and is less sensitive in women with dense breast tissue [@B5]. Available alternative to SFM includes full-field digital mammography (FFDM) which is slightly more sensitive in younger women with dense breasts [@B6]. However, there are limitations that must be overcome to improve the screening and detection of breast cancer.

The main factor that contributes to breast cancer mortality is the presence of metastasis, which is the leading cause of mortality and accounts for more than 400,000 deaths annually around the world [@B1], [@B7]. Of those diagnosed with breast cancer, 30% to 85% of these patients are diagnosed with bone metastases, and the median survival rate after diagnosis is 25 to 72 months [@B8], [@B9]. When the cancer involves viscera, the prognosis is worse and survival is shorter.

Another factor associated with increased mortality and relapse rates is the development of resistance to chemotherapeutics. For almost three decades, tamoxifen has been the mainstay of endocrine therapy for the treatment of hormone-receptor-positive breast cancer in pre-menopausal women and is also frequently used by post-menopausal women, both in early or advanced breast cancer [@B10]. It has been estimated that approximately 50% of breast cancer patients undergoing chemotherapy develop tamoxifen resistance [@B11]. Recent study showed that about 20% of post-menopausal breast cancer patients who received tamoxifen in first line of therapy develop resistance and were considered non-responders to treatment [@B12]. Some studies have shown that more than one-third of patients with metastatic breast cancer do not respond to first-line anthracyclines or taxanes, and disease progression occurs in less than 1 year, leading to the death of more than 90% of patients with metastatic breast cancer [@B13]-[@B15].

Thus, given the considerable public health importance of breast cancer, it is crucial to quickly identify new biomarkers with the potential to enhance early diagnosis and to predict patient prognosis, drug resistance development and treatment choice. Despite the large number of published articles on breast cancer biomarkers, a reliable marker for use in clinical practice remains unavailable.

A PubMed search with the keywords \"breast cancer, biomarkers, diagnosis, prognosis and drug response" published from 2009 to 2013 was conducted resulting in 852 papers. A specific filter for selection of the papers with abstract and full text available was applied resulting in 311 publications. The titles and abstracts were reviewed and selected. Studies were excluded from the review if the abstract provided was insufficient for the primary regarding breast cancer diagnosis, prognosis and drug response for the biomarker under study. Then, all selected papers were read completely for initial analysis and discussed with all co-authors of this manuscript. After the discussion, all biomarkers selected were included in this paper. Additionally, other studies cited in selected manuscripts were consulted in PubMed and included in this review.

We summarized the performance of several biomarkers for enhancing the diagnosis, prognosis and predicting drug responses of breast cancer. Also, we synthesized all biomarkers described in a table regarding the importance of biomarker, references of studies that supported this article, type of sample used in the study and the date of sample collection (table [1](#T1){ref-type="table"}). So, this review focuses biomarkers that have demonstrated promise in initial studies and now must be rigorously validated in the clinical setting to be translated into clinically useful tests for diagnosing, prognosing and predicting the response of breast cancer to various drug therapies.

POTENTIAL BIOMARKERS FOR THE DIAGNOSIS AND PROGNOSIS OF BREAST CANCER
=====================================================================

Detection of breast cancer at an early stage via a biomarker assay is extremely important to reduce the burden of disease because breast cancer detected at an earlier stage is much more curable than metastatic disease. Thus, it is also necessary to identify biomarkers that may predict the occurrence of metastasis before it manifests in the patient. Based on this requirement, several potential biomarkers have gained attention and are described below: 1. The combination of three independent biomarkers, including the urokinase-dependent plasminogen activator system (uPA), the plasminogen activator inhibitor (PAI) and the Thomsen-Friedenreich (TF) antigen for an early diagnosis. 2. Mammaglobin, osteopontin, snail, twist, Zeb-1, fibroblast growth factor receptors (FGFR), phosphatase and tensin homolog (PTEN) and sirtuins (SIRT) are potential biomarkers for the prediction of metastatic disease.

uPA, PAI and TF
---------------

An optimal combination of well-known biomarkers has attracted the attention of researchers. The serine protease uPA is a tumor-associated protease that appears to play a role in both invasion and metastasis in solid tumors. uPA and its inhibitor, PAI-1, were the first tumor markers to have your clinical value confirmed in studies with level of evidence 1 (evidences based on randomized clinical trials or meta-analysis of clinical trials with high recommendation for treatment decisions) and are prognostic factors independent of traditionally used factors. Therefore, uPA and its inhibitor, PAI-1 could be suitable for the routine assessment of prognosis in breast cancer patients [@B16]. Their overexpression in tumor tissue is associated with an increased risk of relapse and reduced survival [@B17]. TF antigen is an aberrantly glycosylated carbohydrate and cancer-associated antigen found in approximately 80% of adenocarcinomas, including breast cancer [@B18]. TF has been shown to be involved in tumor cell adhesion and migration [@B19].

The uPA concentration was more predictive of disease in premenopausal women (83-87%), while TF antigen was a greater predictor of breast atypia and cancer in postmenopausal women (81-83%) [@B20], [@B21]. However, the combination of both TF and uPA biomarkers in nipple aspirate fluid predicted breast cancer in both pre- and postmenopausal women with 84-92% accuracy [@B21]. When used in combination with uPA, PAI-1 and TF have higher predictive capacities to detect breast cancer and achieved accuracy values of 97-100% [@B21] in nipple aspirate fluid. Therefore, large clinical trials are needed to validate the combination of these biomarkers for the early diagnosis of breast cancer.

Mammaglobin
-----------

Watson and Fleming identified the human mammaglobin (h-MAM) gene in 1996 using a differential display PCR technique. Mammaglobin A (MGBA) is a 10-kd protein that is expressed almost exclusively in normal mammary gland epithelium and in breast cancer [@B22], [@B23]. MGBA expression is higher in the serum of breast cancer patients than in normal controls, indicating that mammaglobin could be potentially used as a serum biomarker for the diagnosis of breast cancer [@B24]. Galvis-Jiménez generate antibodies against mammaglobin in rabbits using four synthetic peptides, and all antibodies obtained were able to discriminate patients with breast cancer and control. The best antibody had a sensitivity of 86.3 % and specificity of 96 % [@B25].

Lee and colleagues found that the rate of plasma h-MAM mRNA positivity was 23.4% in early stages of cancer, while this value increased to 82.9% in advanced stages. This difference suggests that the detection of plasma h-MAM mRNA appears to be associated with an unfavorable prognosis and a lower rate of event-free survival in breast cancer patients [@B26].

Additionally, h-MAM may indicate lymph node metastasis. Using RT-PCR techniques, Liu and colleagues evaluated the expression of h-MAM mRNA in the bone marrow (BM) of patients with breast cancer and associated axillary lymph node metastasis. The expression of h-MAM in the BM was higher for the group with axillary lymph node metastasis, 52.5%, than in the group without metastatic disease, 23.5% [@B27]. Studies by Luo and colleagues demonstrated that mammaglobin expression was able to detect 72% of lymph node metastases by immunohistochemistry; when combined with another biomarker, GCDFP-15 (gross cystic disease fluid protein-15), mammaglobin expression detected 83% of metastases [@B28]. However, these biomarkers are not useful for the detection of basal-like triple negative breast cancer [@B29].

It is known that breast cancer cells did not express uniformly the mammaglobin because its expression ranges among different subtypes of tumors. Low-grade and estrogen receptor (ER)-positive tumors express high amount of mammaglobin, while ER-negative and high-grade tumors express lower numbers of mammaglobin mRNA molecules per cell. Thus, a divergence in detection probability may occur for particular types of breast tumors due to enormous variation in the levels of mammaglobin and its association with certain characteristics of the tumor [@B30].

These results suggest that more studies are needed to validate mammaglobin as a biomarker for diagnosis and lymph node metastasis and, also, it is necessary to consider the tumor characteristics.

Osteopontin
-----------

Osteopontin is a phosphorylated glycoprotein that is able to bind to cell surface integrins, and due to its adhesive properties, hypotheses emerged regarding the role of osteopontin in invasion and metastasis because these processes are dependent on adhesive interactions between tumor cells and the extracellular matrix [@B31], [@B32]. A meta-analysis of published literature showed that osteopontin has been associated with 34 cancers, including breast cancer [@B33]. Recent studies have correlated osteopontin expression with tumor invasion and breast cancer metastasis; thus, the elevated osteopontin level may suggest a more aggressive tumor and a poor prognosis [@B34], [@B35]. One study suggests that osteopontin promotes transformation of mesenchymal stem cells into cancer-associated fibroblast which leads to tumor progression, angiogenesis and metastasis [@B36].

Osteopontin has three splice variants: osteopontin-a, osteopontin-b and osteopontin-c [@B37]. Osteopontin-c is selectively expressed in breast cancer, and osteopontin-a and osteopontin-b are expressed in both breast cancer and normal breast tissues, making osteopontin-c more useful as a potential marker for breast cancer [@B38]. In fact, Pang and colleagues demonstrated higher levels of osteopontin-c in breast cancer patients compared to control subjects, and elevated osteopontin-c expression is correlated with lymph node metastasis, advanced stage and tumor recurrence [@B39], [@B40].

Recent reports also indicate that osteopontin is critical for the epithelial-mesenchymal transition through the activation of Twist following serine phosphorylation, which induces an aggressive breast cancer phenotype [@B41].

It\'s well documented that elevated osteopontin levels in tumor tissue and blood are associated with poor outcome in the setting of metastatic breast cancer. However much less is known about the prognostic significance of osteopontin in early breast cancer and during breast cancer progression.

In this sense, a group of researchers from Canada evaluated the prognostic significance of osteopontin in 667 postmenopausal women with hormone responsive early breast cancer in a randomized trial and found no correlation between osteopontin levels and prognostic values, as event-free survival, relapse-free survival (RFS), overall survival, bone RFS or non-bone RFS, but found elevated osteopontin levels around the time of recurrence [@B42].

This indicates that osteopontin could be a potential biomarker for monitoring the presence of metastasis and more studies are needed to assess its potential for following up the recurrence.

FGFR2
-----

The fibroblast growth factor receptor (FGFR) family includes four well-known receptors. These receptors have a tyrosine-kinase intracellular domain and are able to homo- or heterodimerize in the presence of fibroblast growth factor (FGF) ligands. Importantly, receptors 1-3 have an alternative isoform with a ligand Ig-like domain III (isoforms IIIb and IIIc); these isoforms are expressed differentially in epithelial and mesenchymal cells. The isoforms are also responsible for the differential affinity for FGF binding and FGF specificity [@B43].

Several studies have analyzed the role of FGFR2 polymorphisms in breast cancer susceptibility, progression, and metastasis. Hunter and colleagues performed a genome-wide association study of breast cancer and genotyped 528,173 single nucleotide polymorphisms (SNPs) in 1,145 cases of invasive breast cancer in postmenopausal white women. They identified a set of four SNPs within intron 2 of FGFR2 that was associated with a high risk of developing breast cancer [@B44]. Easton and colleagues analyzed 4,398 breast cancer cases and 4,316 controls and validated a set of 30 SNPs in 21,860 cases and 22,578 controls from 22 studies. They identified additional important SNPs in intron 2 of FGFR2 [@B45].

FGFR2 is associated with tumorigenesis. Kim and colleagues observed that FGFR2 is essential for maintaining tumor-initiating cells (TICs) and for promoting tumorigenicity. Primarily, they isolated CD29^high^/CD24^+^ TICs from breast cancer-induced mice and observed high self-renewal potency when these isolated cells were injected into NOD/SCID mice, even when only a small number of cells were injected. Then, they observed that FGFR2 is preferentially expressed in TICs with an approximate 22-fold increase in mRNA levels. Flow cytometry data revealed a 5.4 to 10.2-fold increase in FGFR2 protein expression in TICs. The knockdown and pharmacological inhibition of FGFR2 led to a strong decrease in TIC renewal and tumor growth. Moreover, they observed an increase in FGFR2 mRNA levels (32 to 293-fold) in 2 of 26 breast cancer samples compared to controls, and the FGFR2-enriched TICs derived from human samples were able to induce substantial tumors in NOD/SCID mice [@B46]. In vitro assays indicated that high expression of FGFR2 was correlated with elevated proliferation rates, motility and invasiveness in cell lineages [@B47] derived from metastatic breast cancer [@B48]. Interestingly, cells expressing high levels of FGFR2 are as invasive as Erbb2-overexpressing cells and metastatic lineages [@B48].

PTEN
----

Phosphatase and tensin homolog (PTEN) is a tumor suppressor gene that is deleted or mutated in many human cancers [@B49], including breast cancer [@B50]. The loss of PTEN leads to the loss of apoptosis and cell cycle regulation [@B51].

A retrospective study of 78 stage I/II postmenopausal patients that were steroid receptor-positive and treated with adjuvant tamoxifen demonstrated the loss of PTEN in 16/43 (37.2%) patients with ductal carcinoma and in 9/35 (25.7%) patients with lobular carcinoma. Additionally, they observed that 96% of recurrent patients did not express PTEN, and those that did express PTEN relapsed in only 26.4% of cases [@B52]. Interestingly, they also found a positive correlation between PTEN expression and longer relapse-free survival, particularly in ER-positive and PTEN-positive patients [@B53]. These observations are in agreement with previous work [@B50]. Zhang and colleagues analyzed samples from 146 breast cancer patients, and they found PTEN expression in only 57.5% of the malignant samples compared to normal samples, which all expressed PTEN. They observed that the samples not expressing PTEN were correlated with increased tumor size and advanced stage.

Sirtuins
--------

Sirtuins (SIRT) are a highly conserved family of genes that can be found in organisms ranging from bacteria to humans, and they have been implicated in different physiological processes including longevity, apoptosis, differentiation and resistance to stress responses [@B54]. In mammalian cells, seven sirtuins have been previously discovered and all of these proteins are localized in distinct subcellular regions. For example, SIRT3, SIRT4 and SIRT5 are localized in the mitochondria; SIRT1, SIRT6 and SIRT7 are found in the nucleus, and SIRT2 is primarily located in the cytosol [@B55], [@B56]. Despite these differences in cellular location, all SIRT proteins are characterized by a conserved SIRT domain that possesses catalytic activity and is responsible for binding to NAD+.

SIRT3, the major mitochondrial deacetylase, is responsible for targeting numerous enzymes involved in different oxidative pathways and it also regulates ATP (adenosine triphosphate) production, metabolism and cell signaling [@B55]. Furthermore, it has been shown that the loss of SIRT 3 is associated with intracellular ROS (Reactive oxygen species) levels and age-related diseases, including cancers; thus, its classification as a tumor suppressor gene has been suggested [@B57]. Due to its implication in such biological functions, SIRT 3 has been intensively studied. The current understanding indicates that this molecule may play pivotal roles in the context of tumor biology, as observed in breast cancers, especially in terms of clinical behavior and disease stage. Additionally, a recent report demonstrated that 40% of breast cancers presented with at least one deleted copy of this gene, reinforcing its involvement in breast tumorigenesis and progression [@B56]. Other investigators described the same conclusion [@B57]. With regard to its association with tumor progression and metastasis, a previous report showed that SIRT3 expression was significantly associated with metastasis, and this protein was highly expressed in a set of tumors with positive lymph node involvement, indicating a survival advantage for these tumors [@B54]. In the same study, no correlation was observed between tumor grade and lymphovascular invasion. Therefore, interestingly, investigating this molecule may lead to the discovery of new proteins that are important for the diagnosis of cancer and that also have the potential to assess the prognosis of those affected by breast cancer, especially their metastatic potential and likely survival rate.

Snail, Twist and Zeb 1: factors involved in the epithelial-to-mesenchymal transition and metastasis
---------------------------------------------------------------------------------------------------

It has been suggested that the epithelial-to-mesenchymal transition (EMT) plays a role in the generation of cancer stem cells (CSCs) that have a greater capacity to invade and metastasize to distant sites via changes in their adhesive properties [@B58]. It has also been proposed that CSCs are involved in the development of drug resistance [@B59]. Consequently, the EMT has attracted the attention of researchers.

EMT and its reverse are very important events that are essential to life, especially in developing organisms. The EMT promotes the switch of several epithelial isoforms to mesenchymal isoforms, conferring cell-detachment and motility properties with the loss of E-cadherin and the gain of N-cadherin expression. Importantly, this event is mainly regulated by transcription factors that respond to several intracellular and extracellular signals. The most studied transcription factors with respect to the EMT are Twist, Snail1 and Snail2 [@B60].

However, the EMT is not only a physiological event. Several studies have observed EMT during cancer progression, particularly during metastasis. Mammary adenocarcinoma cells generally begin the EMT process by losing their epithelial markers and cell-attachment proteins and by acquiring mesenchymal markers, thus increasing their motility and invasiveness potential. This pathological phenomenon leads to a stem-like state, marked by the CD44+/CD24-/low phenotype in several cancers [@B61], [@B62].

One publication analyzed Snail1 expression in samples from 21 breast cancer patients who did not receive chemotherapy or radiotherapy. Seventeen samples were classified as infiltrating ductal carcinomas (IDC), and four were classified as infiltrating lobular carcinomas (ILC). In normal cells, Snail1 was not expressed, but it was detected in 8 of the 17 IDCs, which was correlated with a loss of E-cadherin expression. In contrast, Snail1 expression was not observed in any of the ILC samples. Interestingly, most of the grade 3 tumors, more than half of the grade 2 tumors, and none of the grade 1 IDCs expressed Snail1. Furthermore, Snail1 is expressed in poorly differentiated IDCs [@B63].

Tran and colleagues performed several in vitro assays and determined that Snail1 is necessary for EMT initiation and is responsive to TGFβ1 (Transforming growth factor beta). TWST1 is also necessary for EMT maintenance. They noted that normal and tumorigenic breast lineages underwent EMT following TGFβ1 exposure. Additionally, they observed a strong correlation among high TWIST1 mRNA expression, reduced Snail1 mRNA expression and metastatic recurrence in bone marrow-invading tumor cells from 30 stage II or III patients. The cohort study also indicated that a high TWIST1:Snail1 ratio following chemotherapy is therapeutically relevant [@B64].

Another study showed that ZEB1, a transcription factor also associated with the EMT, was more strongly correlated with the CD44^+^/CD24^-^/low phenotype than Snail1/2 or TWIST1/2, as observed by both in vitro and in vivo approaches. Importantly, they stated that the overexpression of ZEB1 is capable of inducing the EMT in cells that do not express ZEB1 and that ZEB1 levels are higher in cells undergoing EMT compared to controls. ZEB1 expression is also responsible for conferring motility and invasiveness capabilities [@B65].

Increasing data have indicated that EMT is responsible for cancer metastasis and drug resistance because it induces the cell to an undifferentiated state, transforming the cell to a drug multiresistant profile and high plasticity. Therefore, these markers (Snail, Twist and Zeb-1) are good markers of EMT for breast cancer and, therefore, markers for metastasis and drug resistance.

POTENTIAL BIOMARKERS FOR SYSTEMIC CHEMOTHERAPY RESISTANCE
=========================================================

Predictive cancer biomarkers for determining the right treatment for each specific patient at the appropriate time are critically needed. Some potential biomarkers for the prediction of systemic chemotherapy resistance include Cytochrome P450 2D6 (CYP2D6), Phosphatidylinositol-4,5-biphosphonate-3-kinase (PIK3CA), Retinoic acid receptor alpha (RARA), Signal transducer and activator of transcription 3 (STAT3), Tissue inhibitor of metalloproteinase 1 (TIMP-1) and Lin28.

Cytochrome P450 2D6
-------------------

One-third of all patients treated with tamoxifen are diagnosed with a relapse within 15 years of follow-up, which represents a quarter of all patients with breast cancer [@B66]. Therefore, great efforts have been made to understand the mechanisms of resistance and to identify predictive markers of tamoxifen resistance.

Tamoxifen is a selective estrogen receptor modulator (SERM) that blocks the binding of estrogen to its receptor, and it is used to treat breast tumors that express estrogen receptor. However, Tamoxifen itself binds weakly to the estrogen receptor and is considered a prodrug. Thus, to perform its function, it must be metabolized into potent anti-estrogenic metabolites by several cytochrome P450 enzymes [@B67]. Endoxifen is now considered to be the most important metabolite of Tamoxifen, and it is produced almost exclusively by the activity of cytochrome P450 2D6 (CYP2D6) [@B68].

The CYP450 genes are polymorphic, resulting in different phenotypes that have been conventionally divided according to their enzymatic activity into poor metabolizers (PM), intermediate metabolizers (IM), extensive metabolizers (EM) and ultra-rapid metabolizers (UM) [@B69]. The different enzymatic activities might explain some of the clinical variability in the plasma concentrations of Tamoxifen and its metabolites among different patients [@B70]. Given the importance of CYP2D6 in the metabolism of tamoxifen, many studies have been conducted on its activity in cancer.

Studies have shown that some genetic variants of CYP2D6 are associated with lower concentrations of endoxifen, the active metabolite of Tamoxifen, which could potentially affect the clinical outcome of breast cancer patients following tamoxifen treatment [@B71], [@B72].

However, one study conducted by Breast International Group 1-98 trial investigated the clinical relevance of CYP2D6 polymorphisms and found no association between CYP2D6 metabolism phenotypes and breast cancer-free interval among patients who received tamoxifen monotherapy without previous chemotherapy, suggesting that pharmacogenetic testing of CYP2D6 is not useful to determine whether to treat postmenopausal breast cancer patients with tamoxifen [@B73]. However, this study was questioned by Stanton Jr., Pharoah *et al.* and Nakamura *et al.* by presenting highly implausible CYP2D6 genotyping results that raise serious doubt about the conclusions. For example, genotyping was performed from formalin-fixed paraffin-embedded (FFPE) tumor tissue which may compromise the viability of the extracted DNA, especially with a complex gene like CYP2D6 that exhibits copy number variation and is flanked by two highly similar pseudogenes.

Therefore, the patient\'s CYP2D6 genotype might be used as a potential biomarker for predicting their tamoxifen response and a large-scale, prospective, randomized, well-controlled trial is justified to confirm these findings.

PIK3CA
------

Phosphatidylinositol-4,5-biphosphonate 3-kinase (PIK3CA) is the alpha catalytic subunit in the PI3K/PTEN/Akt signaling pathway and controls cell growth, proliferation, motility, survival, differentiation and intracellular trafficking. PIK3CA is the most frequently mutated oncogene in all human cancers [@B74].

One clinical prospective study analyzed circulating tumor DNA from 52 breast cancer patients, 30 of whom had genomic alterations. These 30 patients had metastatic breast cancer and received systemic therapy. Blood samples were collected over 2 years at an interval of every 3 weeks or more. They observed that 25 of the 52 patients had PIK3CA mutations. Additionally, they found a correlation between drug therapy, disease stage and PIK3CA levels. Interestingly, PIK3CA levels were high in the progressive disease state [@B75].

The reported carcinogenic role of PIK3CA encouraged several researchers to study its implication in breast cancer and drug resistance and its prognostic value in breast cancer. The Cancer Genome Atlas analyzed the data from the entire exomes of 510 tumors from 507 patients. They observed that only three genes had somatic mutations that occurred in more than 10% of the samples; one of these genes was PIK3CA. They found that 45% of the luminal A samples and 29% of the luminal B samples carried PIK3CA mutations, and 39% of the HER2 (Human Epidermal Receptor 2)-enriched samples had PIK3CA mutations. Interestingly, 49% of the basal-like cancers analyzed had PIK3CA amplifications, but none of these tumors carried PIK3CA mutations [@B76].

Although PIK3CA mutations in ER+/HER2- tumors are considered to indicate a "good prognosis", these mutations in ER+/HER2+ tumors imply tumor resistance to trastuzumab treatment [@B77].

One study developed a human HER2-overexpressing and PIK3CA-mutant breast cancer transgenic animal. These tumors expressed elevated transcripts encoding markers for EMT and the stem cell phenotype. The signature of these tumors was consistent with the claudin-low subtype. Interestingly, these tumors were able to form lung metastasis and were resistant to trastuzumab alone or in combination with lapatinib or pertuzumab [@B78].

A further study by Cizkova and colleagues also evaluated the relationship between trastuzumab treatment and PIK3CA mutation, they evaluated 80 breast tumour HER-2 positive of patients treated with trastuzumab for one year, they found that patients without mutations in PIK3CA treated with trastuzumab had a better survival compared with the group of patients with mutations in PIK3CA treated with trastuzumab, this find suggest that PIK3CA mutations are bad factor in HER-2 positive breast cancer patients receiving trastuzumab [@B79]. But no correlation was found in patients treated with tamoxifen [@B80].

Based on these findings, further studies are needed to study the potential of PIK3CA in predicting resistance to chemotherapy, in particular, to trastuzumab.

Retinoic acid receptor alpha
----------------------------

Another potential biomarker for predicting tamoxifen response is the Retinoic acid receptor alpha (RARA). It is known that the estrogen receptor protects breast cancer cells against programmed cell death by inducing the transcription of BCL-2, an antiapoptotic gene, which leads to cell proliferation and survival. Meanwhile, RARA and estrogen receptor (ER) have opposite effects on the proliferation and survival of breast cancer cells, as RARA inhibits proliferation and induces apoptosis [@B81]-[@B84]. The effects of RARA can be explained by its interaction with the ER and their shared genomic binding sites [@B85]. Johansson and colleagues identified a connection between endocrine resistance and RARA resistance using tamoxifen-sensitive (MCF7) and tamoxifen-resistant (LCC2) cells. They demonstrated that tamoxifen-resistant cells had higher levels of RARA. Accordingly, patients with early relapses also had higher RARA protein levels than relapse-free patients. Moreover, they used a small interfering RNA to down-regulated RARA expression, which decreased the proliferation of both MCF7 and LCC2 cells. Based on these results, they concluded that RARA is involved in tamoxifen resistance [@B86]. Moreover, RARA is as a potential biomarker for predicting tamoxifen response.

STAT3
-----

Signal transducer and activator of transcription 3 (STAT3) [@B87] is a downstream signaling transducer of several pathways, including interleukins, interferons, growth factors and hormones [@B88].

An in vitro study performed by Xiayan and colleagues showed that STAT3 is associated with tamoxifen resistance in CD44^+^/CD24^-^/low cells. STAT3 overexpression or autophosphorylation inhibits tamoxifen-mediated apoptosis, and STAT3 knockdown by siRNA abrogates tamoxifen resistance in the CD44^+^/CD240^-^low subpopulation of cells [@B89].

Another in vitro study using similar assays in tamoxifen-resistant cells found that STAT3 is activated in an autocrine fashion following RANTES (CCL2) activation and secretion, which results in a positive feedback loop. Interestingly, STAT3 and RANTES knockdown lead to the protein degradation of BCL-2 family proteins, indicating interdependence for these two proteins. Moreover, poly ADP ribose polymerase (PARP) levels decreased following STAT3 overexpression and RANTES-mediated signaling. The study also included immunohistochemical assays on breast cancer tissues from primary tamoxifen-treated cancer patients and the researchers observed increased levels of STAT3 and RANTES in these tissue samples [@B90].

Multiple studies have observed the expression of phosphorylated STAT3 (phosphor-STAT3) in several breast cancer samples. In 45 stage III invasive breast cancer samples, 22% demonstrated phosphor-STAT3 expression, which was correlated with HER2 positivity [@B91]. Microarray analysis of 346 node-negative and ER+ samples identified the presence of cytoplasmic and nuclear STAT3 in 69% and 23% of the samples, respectively. Cytoplasmic and nuclear phosphor-STAT3 were observed in 23% and 44% of the samples, respectively [@B92]. So, STAT3 might be used as a potential biomarker for predicting Tamoxifen response.

Tissue inhibitor of metalloproteinase 1
---------------------------------------

Tissue inhibitor of metalloproteinase 1 (TIMP-1) is a member of the tissue inhibitors of metalloproteinases (TIMPs) family; these proteins regulate the activity of matrix metalloproteinases (MMPs). However, TIMP-1 has several additional physiological functions, including the regulation of cell proliferation, angiogenesis, and apoptosis [@B93], [@B94]. These functions imply that TIMP-1 may play a role in tumor development and growth [@B95].

Zhu and colleagues demonstrated that elevated expression of TIMP-1 in tumor tissue is associated with poor disease-free survival and overall survival compared to patients with low levels of TIMP-1 expression [@B96]. However, the potential of TIMP-1 to predict patient prognosis is controversial and is further explained below.

TIMP-1 plays an important role in the resistance to chemotherapeutic drugs that are used for the treatment of breast cancer, and this function has gained considerable attention in the research field. TIMP-1 has been associated with a decrease in sensitivity to epirubicin and paclitaxel due to increasing the degradation of cyclin B1 and by activating PI3K/Akt/NF-kβ signaling [@B97]. TIMP-1 also mediates the resistance to topoisomerase inhibitors through the upregulation and/or phosphorylation of topoisomerase [@B98]. Although TIMP-1 activates the PI3K-Akt pathway, which is a common pathway mediating HER2 signaling, TIMP-1 does not affect the sensitivity of HER2-targeting drugs such as trastuzumab and lapatinib in breast tumors that overexpress HER [@B99].

These studies suggest that TIMP-1 mediates chemotherapy resistance, and more studies are needed to investigate the potential of TIMP-1 as a predictor of drug response.

Lin28
-----

Lin28 is a regulatory stem cell gene that was discovered in *C. elegans*as a heterochronic gene, and it is highly expressed in undifferentiated cells. Thus, it has been strongly implicated in tumor development in part due to its oncogenic role in the promotion of cellular proliferation and transformation [@B100], [@B101]. In a recent study, researchers found that Lin28 was overexpressed in a variety of tumors, including colon, breast, lung and cervical, therefore confirming Lin28 as an oncoprotein [@B102]. The underlying mechanism of Lin28 action and its oncogenic role in the intracellular environment are not completely understood. However, previous studies have shown that one possible regulatory mechanism by which this protein is able to affect normal and malignant stem cells is through posttranscriptional downregulation of microRNA Let-7, an important molecule involved in normal development and metabolism [@B103].

In addition, Lin28 is not exclusively detected in breast cancer; it is also expressed in hepatocellular carcinoma and seems to be related tumor relapse after treatment in addition to chemo- and radioresistance [@B103], [@B104]. With respect to these findings, Lv and collaborators demonstrated that this protein was highly expressed in T47D cancer cells and strongly associated with resistance to Paclitaxel treatment via the inhibition of apoptosis. Furthermore, the same study determined that Lin28 was highly expressed in local recurrent and metastatic breast cancer. In lung and pancreatic carcinomas, a significant association between Lin28 expression and radioresistance was observed [@B105]. In breast cancer, data evaluating the role of this molecule are limited. Only recently have cell line studies been conducted, which demonstrated that cell lines expressing high levels of Lin28 had a higher survival rate than Lin28-downregulated cell lines exposed to radiation at doses of 2 Gy to 4 Gy [@B104]. In this study, the authors also demonstrated that the radioresistance occurred via the inhibition of apoptosis, which was confirmed by reduced levels of cleaved PARP, caspase-3 and caspase-9 in cells stably expressing Lin28. Therefore, it is plausible to hypothesize that targeting Lin28 may be an excellent therapeutic approach for those tumors that are resistance to current treatments. Targeting of Lin28 may overcome the chemo- and radioresistance phenotype of tumor cells with high sensitivity.

MicroRNAs
---------

MicroRNAs (miRNAs) were first described in 1993 by Victor Ambros and colleagues during a study of the gene *lin-14* in Caenorhabditis elegans development [@B106]. miRNAs are small non-coding RNA molecule, containing about 22 nucleotides. It can be found in plants, animals, and some viruses and play an important role in regulation of gene translation [@B107]-[@B109]. Until now, 1872 miRNAs have been identified in humans [@B110], some of which are implicated in diseases, including breast cancer Therefore, it might prove to be important predictors of disease progression and drug response to chemotherapy.

Expression of a single miRNA can range among different tissues types, resulting in a miRNA \'signatures\'. Similarly, each tumor have a unique miRNA signature [@B111], which can be exploited for breast cancer diagnosis, prognosis and drug response.

Several studies have identified specific miRNA elevated in the blood and tissue of breast cancer patient. Review of Andorfer and colleagues identified miRNAs whose expressions were significantly regulated in tumors of human breast cancer patients. They found that miR-21, miR-155, miR-210, miR-29c, miR-196a, miR-213, miR-191, miR-203, miR-29b and miR-93 was significant up-regulated in tumor tissue compared with healthy subjects, while miR-125b, miR-145, miR-100, miR-10b, Let-7a-2, miR-205, miR-497 and miR-193 was downregulated The miR-31 and miR-130b were found to be both up and downregulated [@B112].

Despite the advances in understanding the differences in expression of miRNAs, the challenge now is comprehend what are the consequences of these differences for the improvement of clinical tools for diagnosis, prognosis and the follow up of the treatment of patients with breast cancer.

miR-195 was found to be elevated in serum breast cancer patients. This miRNA showed promising results since it could differentiate breast cancer from others cancers and from controls, in other words, it is very specific for breast cancer. Also levels of miR-195 and let-7a decreased after tumor resection, suggesting that these biomarkers are tumor-derived and could be used in breast cancer diagnosis [@B113], [@B114]. Recent meta-analyze study also pointed miR-21, miR-155, miR-222 and miR-10b as reliable candidate biomarkers for detection of breast cancer [@B115].

Some miRNA also proved to have an important role in the formation and regulation of mesenchymal stem cells, which is known to contribute for breast cancer progression. A family of microRNAs let-7 and miR-30 and, also, the microRNAs miR-200, miR-128, miR-34c and miR-16 were found to be down-regulated in the EMT process, whereas miR-181 family and miR-495 were found to be overexpressed [@B116]. Therefore, these microRNAs may be an important biomarker for prognostic and for the development of novel therapeutic strategies.

Regarding drug resistance in breast cancer, up-regulation of miR-21 has proved able to induce resistance to trastuzumab through reduction of its gene target PTEN [@B117], [@B118]. Also, it was demonstrated that estrogen can modulate miRNAs expression in breast cancer cells [@B119], inducing 21 miRNA, including eight let-7 family members, miRNA-98 and miRNA-21, while suppressing 7 miRNAs in MCF-7 cells. On the other hand this miRNAs may have implications in endocrine therapy resistance [@B120].

Considering that miRNAs are potential biomarkers for breast cancer, more studies are needed to identify and validate signatures of miRNAs for breast cancer diagnosis, prognosis or drug response.

Multigene tests and molecular markers in breast cancer
------------------------------------------------------

The Oncotype DX breast cancer test is a novel molecular approach performed by Genomic Health and certified by Clinical Laboratory Improvement Amendments for commercially use. It test examines a breast cancer patient\'s tumor tissue and analyzes a panel of 21 genes to determine a Recurrence Score within 10 years of the initial diagnosis in women with early-stage breast cancer ER positive and to predict chemotherapy benefits.

Other multigene test available commercially is MammaPrint. It test was performed by Agendia and approved by FDA (Food and Drug Administration) in 2007. It test analyzes tumor tissue for a panel of 70 genes to predict distant metastasis-free survival within 5 years in women with early-stage breast cancer both ER positive and negative. Also, the test may be useful in the chemotherapy decision.

Several studies assessed the economic impact of using multigene assays such Oncotype Dx and MammaPrint to guide adjuvant therapy decisions in breast cancer. They found that routine use of these tests had a nice cost-effectiveness, since it allowed a correct choice of chemotherapy and reduction in chemotherapy utilization [@B121]-[@B127].

In this study we propose potential biomarkers in breast cancer diagnosis, prognosis and drug resistance. These biomarkers must be extensively studied in order to identify molecular markers and create breast cancer genetic profiles. This can provide others multigenics molecular tests that could help physicians define the diagnostic and conduct the best therapeutic approach for each patient with breast cancer.

CONCLUSIONS
===========

Despite the significant increase in the amount of research conducted on breast cancer biomarkers in the last five years, significant gaps remain that must be filled to translate this newly acquired knowledge into clinical practice.

In this review, we identify several biomarkers of particular interest for the diagnosis and prognosis of breast cancer and for predicting tumor drug responses. Of the 15 biomarkers analyzed, we found that the combination of uPA, PAI and TF, h-MAM, osteopontin, snail, twist, zeb-1, FGFR, PTEN and sirtuins could be utilized as diagnostic and prognostic predictors of breast cancer; furthermore, CYP2D6, PIK3CA, RARA, STAT3, TIMP-1 and Lin-28 have the potential to predict tumor drug response. In addition, several microRNAs were found to be related with diagnosis, prognosis and chemotherapy resistance.

An improved understanding of these potential biomarkers for the early detection and prognosis of breast cancer and for predicting chemotherapy resistance should allow better stratification of patients to reduce overtreatment or undertreatment, enhancing the prevention of relapse and increasing patient survival while reducing patient morbidity.

Thus, there is a need to validate the expression of these potential biomarkers in large patient cohorts. Additional studies using consistent methodologies are needed to define the precise value of these biomarkers for the diagnosis and prognosis of breast cancer and for their ability to predict drug resistance.

ATP

:   Adenosine Triphosphate

BM

:   Bone Marrow

CSCs

:   Cancer Stem Cells

CYP2D6

:   Cytochrome P450 2D6

EM

:   Extensive Metabolizers

EMT

:   Epithelial-to-Mesenchymal Transition

ER

:   Estrogen Receptor

FDA

:   Food and Drug Administration

FFPE

:   Formalin-Fixed Paraffin-Embedded

FGF

:   Fibroblast Growth Factor

FGFR

:   Fibroblast Growth Factor Receptors

GCDFP-15

:   Gross Cystic Disease Fluid Protein-15

h-MAM

:   Human Mammaglobin

HER2

:   Human Epidermal Receptor 2

IDC

:   Infiltrating Ductal Carcinomas

ILC

:   Infiltrating Lobular Carcinomas

IM

:   Intermediate Metabolizers

MGBA

:   Mammaglobin A

MMPs

:   Matrix Metalloproteinases

PAI

:   Plasminogen Activator Inhibitor

PARP

:   Poly ADP Ribose Polymerase

PIK3CA

:   Phosphatidylinositol-4,5-biphosphonate 3-kinase

PM

:   Poor Metabolizers

PTEN

:   Phosphatase and Tensin Homolog

RARA

:   Retinoic Acid Receptor Alpha

RFS

:   Relapse-Free Survival

ROS

:   Reactive Oxygen Species

SERM

:   Selective Estrogen Receptor Modulator

SIRT

:   Sirtuins

SNPs

:   Single Nucleotide Polymorphisms

STAT3

:   Signal Transducer and Activator of Transcription 3

TF

:   Thomsen-Friedenreich

TGFβ

:   Transforming Growth Factor Beta

TICs

:   Tumor-Initiating Cells

TIMP

:   Tissue Inhibitor of Metalloproteinase

UM

:   Ultra-rapid Metabolizers

uPA

:   Urokinase-Dependent Plasminogen Activator System.

###### 

This table synthesized all biomarkers described regarding the importance of biomarker, references of main studies that supported this review, type of sample used in the study and the date of sample collection.

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Biomarkers       Importance of biomarker        Reference                       Number of participants   Sample                          Date of sample collection
  ---------------- ------------------------------ ------------------------------- ------------------------ ------------------------------- ---------------------------
  uPA + PAI + TF   Diagnosis                      [@B21]                          79                       Nipple discharge                2008 - 2010

  h-MAM            Diagnosis/ Prognosis           [@B24]                          260                      Peripheral blood                NS

  [@B25]           102                            Peripheral blood                NS                                                       

  [@B26]           98                             Peripheral blood                2007 - 2010                                              

  [@B27]           112                            Bone marrow                     2000 - 2003                                              

  [@B28]           833                            Breast biopsies                 NS                                                       

  Osteopontin      Prognosis                      [@B34]\                         375\                     Breast biopsies\                2006-2010\
                                                  [@B36]\                         ---\                     Mouse/ cell culture\            ---\
                                                  [@B39]                          200                      Breast biopsies                 2001-2002

  [@B41]           ---                            Cell culture                    ---                                                      

  [@B42]           667                            Breast biopsies/\               1996-2000                                                
                                                  Peripheral blood                                                                         

  FGFR2            Prognosis                      [@B46]\                         26\                      Breast biopsies\                NS\
                                                  [@B47]                          ---                      Cell culture                    ---

  PTEN             Prognosis                      [@B52]                          78                       Breast biopsies                 NS

                                                  [@B53]                          146                      Breast biopsies                 2003 - 2006

  Sirtuins         Prognosis                      [@B56]                          46                       Breast biopsies                 1993 - 2005

  [@B57]           74                             Breast biopsies                 NS                                                       

  Snail 1          Prognosis                      [@B63]                          21                       Breast biopsies                 NS

                   [@B64]                         30                              Breast biopsies          NS                              

  Twist            Prognosis                      [@B64]                          30                       Breast biopsies                 NS

  Zeb-1            Prognosis                      [@B65]                          ---                      Mouse/ cell culture             ---

  CYP2D6           Prediction of drug responses   [@B71]                          393                      Peripheral blood                NS

  [@B72]           90                             Peripheral blood                NS                                                       

                   [@B73]                         4861                            Breast biopsies          1998 - 2003                     

  PIK3CA           Prediction of drug responses   [@B78]                          ---                      Mouse                           ---

  [@B79]           80                             Breast biopsies                 2004 - 2007                                              

  [@B80]           1352                           Peripheral blood                1978 - 2007                                              

  RARA             Prediction of drug responses   [@B86]                          ---                      Cell culture                    ---

  STAT3            Prediction of drug responses   [@B89]                          ---                      Cell culture                    ---

  [@B90]           8                              Breast biopsies/ Cell culture   NS                                                       

  TIMP-1           Prediction of drug responses   [@B96]                          99                       Breast biopsies                 2005 - 2008

  [@B97]           ---                            Cell culture                    ---                                                      

  [@B98]           ---                            Cell culture                    ---                                                      

  [@B99]           ---                            Cell culture                    ---                                                      

  Lin28            Prediction of drug responses   [@B103]                         9                        Breast biopsies/ Cell culture   2002 - 2010

  [@B104]          ---                            Cell culture                    ---                                                      
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------

NS = Not Shown.
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